To examine the associations of antibiotic exposures during the first 2 years of life and the development of body mass over the first 7 years of life. DESIGN: Longitudinal birth cohort study. SUBJECTS: A total of 11 532 children born at X2500 g in the Avon Longitudinal Study of Parents and Children (ALSPAC), a population-based study of children born in Avon, UK in 1991 -1992 . MEASUREMENTS: Exposures to antibiotics during three different early-life time windows (o6 months, 6-14 months, 15-23 months), and indices of body mass at five time points (6 weeks, 10 months, 20 months, 38 months and 7 years). RESULTS: Antibiotic exposure during the earliest time window (o6 months) was consistently associated with increased body mass ( þ 0.105 and þ 0.083 s.d. unit, increase in weight-for-length Z-scores at 10 and 20 months, Po0.001 and P ¼ 0.001, respectively; body mass index (BMI) Z-score at 38 months þ 0.067 s.d. units, P ¼ 0.009; overweight OR 1.22 at 38 months, P ¼ 0.029) in multivariable, mixed-effect models controlling for known social and behavioral obesity risk factors. Exposure from 6 to 14 months showed no association with body mass, while exposure from 15 to 23 months was significantly associated with increased BMI Z-score at 7 years ( þ 0.049 s.d. units, P ¼ 0.050). Exposures to non-antibiotic medications were not associated with body mass. CONCLUSIONS: Exposure to antibiotics during the first 6 months of life is associated with consistent increases in body mass from 10 to 38 months. Exposures later in infancy (6-14 months, 15-23 months) are not consistently associated with increased body mass. Although effects of early exposures are modest at the individual level, they could have substantial consequences for population health. Given the prevalence of antibiotic exposures in infants, and in light of the growing concerns about childhood obesity, further studies are needed to isolate effects and define life-course implications for body mass and cardiovascular risks.
INTRODUCTION
Since the 1940s, antibiotics have had a crucial part in reducing human morbidity and mortality. 1 Antibacterial agents are frequently prescribed worldwide for infants and children, both appropriately 2 and inappropriately, [3] [4] [5] despite a substantial number of expert guidelines advocating more limited use. [6] [7] [8] [9] Longstanding concerns about overuse primarily reflect the public health threat of increasing antibiotic resistance. 4, 7, [10] [11] [12] However, more recently, we have had improved understanding of the human microbiome, composed of thousands of species of resident bacteria that aid in human metabolism, cell differentiation and immune responses. 13 Knowledge of the importance of the microbiome in human development raises new issues about antibiotic use in children, as such exposures may disrupt the microbial ecology.
14 While the composition of the microbiota of adults appears relatively stable, 15 the microbiota of children may be considerably more variable and more vulnerable to antibiotic perturbation. Increased risks from childhood antibiotic exposure for atopic dermatitis, [16] [17] [18] asthma 19, 20 and inflammatory bowel disease 21 have been reported. In the womb, the infant is sterile but is colonized early through contact with maternal vaginal, 22 fecal 23 and cutaneous 22 microbiota. These exposures, along with early feeding experiences, establish a gut bacterial community that is the foundation for successive communities into late childhood and adulthood. 24 Early life appears to be a critical period for gut colonization, 25, 26 with interruption of normal colonization (for example, bottle feeding or early administration of antibiotics) disrupting ancient patterns of intestinal colonization. 27 Intestinal bacteria participate in metabolism of animals. 28 Knowledge that alterations in the microbiota change 'feed efficiency' has been exploited since the late 1940s by US farmers, 10 who routinely give low-dose antibiotics to domesticated mammalian and avian species, to fatten them for market. [29] [30] [31] The earlier in life that the animals are exposed, the greater the weight gain; 32 however the intermediary mechanisms have not been defined.
The possibility of similar effects in human children, although of clear public health importance, remains relatively unexplored. A recent analysis of the Danish National Birth Cohort is suggestive: children of normal-weight mothers who were exposed to antibiotics during the first 6 months of life 33 had increased risk of being overweight when they were 7 years old. However, this study looked only at exposure during the first 6 months, leaving open the question of whether exposures later in infancy have similar associations. Moreover, the study could not examine body mass impacts longitudinally.
Using the Avon Longitudinal Study of Parents and Children (ALSPAC), 34 we examine relationships between body mass and exposures to antibiotics during three separate time windows in infancy. This allows us to assess the specificity of the effect in the previously reported o6-month window of vulnerability, and to observe changes in body mass over time.
SUBJECTS AND METHODS

Data source and sample
ALSPAC is a landmark longitudinal birth cohort study to understand the factors influencing child development into adulthood. The study began with the recruitment of 14 541 pregnant women resident in Avon, UK with expected dates of delivery 1 April 1991 to 31 December 1992. Methods have been described in detail elsewhere, but 85% of eligible births were captured in a population that is slightly more affluent than the general UK population. 35 Over time, data were collected by hospital record, survey and clinical and laboratory examination.
From 14 541 pregnancies, 13 988 children were alive at the end of year one. Of these, we selected children born weighing X2500 g, to minimize the number of subjects likely to have had health or behavioral characteristics that could confound antibiotic-body mass relationships. We also excluded children for whom information on antibiotic exposure was missing for all three of the time windows. Our analytic sample included 11 532 children.
Measures
Exposures to antibiotics. Parents were asked about children's exposures to antibiotics in three postal questionnaires that covered a range of topics. The questionnaires referred to exposures at less than 6 months of age (elicited at 6 months), between 6-14 months (elicited at 15 months) and between 15-23 months of age (elicited at 24 months). The question on the 6-month questionnaire was: 'Children often have accidents or illnesses that need treatment. Please indicate whether antibiotics have been given to your child in the past 6 months'. The question on subsequent versions is identical, except with regard to the referenced time window. Information on type of antibiotic was asked but is of questionable reliability, and data on dosage is not available. Therefore, subjects were classified as either exposed or unexposed to antibiotics, for the relevant time window.
Outcomes related to body mass. Birth weight was obtained from the labor ward records and birth length was measured by an ALSPAC researcher. Body mass was assessed by ALSPAC study personnel (in a random 10% subsample) and abstracted from health visitor records (in the remainder) at ages 6-8 weeks, 38-44 weeks (mean 10 months), 77-106 weeks (mean 20 months) and 38 months. At 7 years, body mass was assessed by ALSPAC study personnel in clinic visits. In selecting a metric of body mass, we considered use of International Obesity Task Force thresholds for obese and overweight, 36 World Health Organization (WHO) Child Health Growth Standards developed from the 1997-2003 Multicentre Growth Reference Study to derive Z-scores for BMI and weightfor-length, 37 ponderal index (weight in kg divided by height/length in meters cubed), 38 2000 US Centers for Disease Control and Prevention norms to derive Z-scores for BMI beyond age 2 years, 39, 40 and 1990 UK population norms for BMI. 41 We opted to follow the approach used in the United Kingdom for assessing adiposity, applying WHO weight-for-length Z-score until age 2 years, and 1990 UK BMI Z-score thereafter.
We examined these outcomes: weight-for-length Z-score at 6 weeks, 10 months and 20 months; BMI Z-score at age 38 months and 7 years; and categorical overweight (BMI 85-94th percentile for age and gender) and obese (BMI X95th percentile for age and gender) at 38 months and 7 years. Our analyses excluded a small number of outliers (X5 or p À 5 Z-score or s.d.), which were likely to reflect errors in data recording.
Potential confounders. We adopted a set of social, behavioral and biological early-life predictors of obesity in the ALSPAC cohort described by Reilly et al., 42 in selecting covariates for our analyses. These include maternal parity, race, social class (using the UK Office of Population Census and Survey classifications) 43 and education as defined by the UK Office of Qualifications and Examinations Regulation. 44 We also included parental BMI (mother pre-pregnancy overweight/obese, father overweight/obese and both overweight/obese), first trimester smoking, breastfeeding categorized as never/breastfed cessation before 6 months/continuous breastfeeding through 6 months and timing of introduction of complementary foods as covariates. From Reilly et al., we also drew on a set of childhood 'lifestyle' variables (time spent per day watching television, in car on weekdays, in car on weekends), 42 and dietary pattern classifications, based on a food frequency questionnaire at 38 months, developed for the ALSPAC cohort, 45 and duration of nighttime sleep at 7 years. All models also adjusted for birth weight.
Statistical analysis. We began by characterizing the sample in terms of the prevalence of key exposures and outcomes, and then examined the relationship between exposures and potential confounders, using a chisquare test of association.
Our analysis of the relationship between exposures and outcomes took advantage of repeated measures of body mass over time. We used mixed models with random effects for subjects, analyzing the impact of exposure in each of the three windows separately. Differences between exposed and unexposed subjects were tested at each of the five time points. In addition to these formal statistical tests, we looked for patterns of association that would be consistent with causality. For example, an increase in body mass at a time point (for example, 6 weeks) before the exposure window assessed (6-14 months) would be consistent with spurious association. Multivariable models included all of the potential confounders mentioned above. Linear models were used for continuous (Z-score) outcomes, and logistic models were used for dichotomous outcomes (overweight/obese). Regression models were tested for collinearity using the variance inflation factor (VIF) statistic. 46 For the logistic models, we examined VIF for the corresponding linear probability model. The key antibiotic exposure variables showed no sign of multicollinearity (maximum VIF for exposure in any model p1.5). As there was moderate collinearity for some potential confounders, we tested the robustness of estimates of the impact of antibiotic exposure in a series of models by sequentially excluding individual potential confounders; estimates from those models were consistent with those reported here (data not shown). Stata 12 (College Station, TX, USA) was used for the analyses.
Interactions with maternal weight. The previous report on antibiotic exposure at o6 months 33 showed increased odds of obesity in children of normal-weight women, but decreased odds in children of overweight and obese women. Accordingly, for each of the three exposure windows, in addition to the main effect of exposure, we examined associations in subsamples stratified by maternal weight.
Missing data. While the follow-up rate in the ALSPAC sample was generally good, covariates were missing for some subjects in this longitudinal data set. Consistent with a prior analysis of the ALSPAC data, we included a 'missing' category for each of the covariates, 42 to maximize sample size for multivariable analysis. Therefore, multivariable models omitted only those cases for which the exposure was missing. Sample sizes for each analysis are shown in tables.
Tests for spurious association. As antibiotic use might reflect unmeasured parental receptivity to administration of medications to children, we identified two medications that were commonly used in the study population: antipyretics and eye ointment. Multivariable analyses were run for exposure to these two medications separately, to see if either exposure was associated with increased body mass.
Human subjects. This study was reviewed and approved by the New York University Washington Square and Medical School campuses' Institutional Review Boards. Ethical approval for the study was obtained from the ALSPAC Ethics and Law Committee and the Local Research Ethics Committees.
Reporting. The reporting of this study conforms to the STROBE statement. 47 
RESULTS
Description of the cohort
Of the 11 532 children studied, the mean birth weight was 3477±460 g (Table 1 ). Nearly a third of the children received antibiotics in the first 6 months of life, with cumulative use increasing with age. However, by 2 years of age, 25.7% of the sample remained unexposed to antibiotic medications. Birth weights of children who had been exposed by 2 years were not Although the risk factor profile of the ALSPAC population with respect to obesity has been described, 42 pertinent for this analysis is that the population is largely white (92.6%) and has less parental obesity than current prevalence in the United Kingdom, 48 and 26% breastfeeding at least through 6 months, which is consistent with the heavily white population sampled here. By the age of 7 years, 17.6% of children were overweight and 8.3% were obese, using contemporaneous norms. 49 Factors associated with antibiotic exposures Antibiotic exposures during the first 2 years of life were unassociated with many characteristics known to be associated with obesity, including maternal overweight, socioeconomic status and education (Table 2 ). There were modest associations with maternal behaviors including smoking during the first trimester (more exposures among children of smokers) and breastfeeding (more exposures among children who were never breastfed). 'Lifestyle' variables were also modestly associated with exposures, with children spending more time traveling in cars more likely to be exposed. There was no association of antibiotic exposure with dietary patterns at 38 months.
Antibiotic exposures and morphometric outcomes
In univariate analysis, exposure at o6 months was consistently associated with elevations in body mass index and with overweight and obesity from ages 10 to 38 months (see Appendix  Table 1 for the univariate findings, along with a comparison with the multivariable analyses). In contrast, exposures at later time windows were not associated with subsequent increases in body mass, with the exception of exposure at 15-23 months, which was significantly associated with elevations in Z-score BMI at 7 years. Findings from full multivariable analysis are shown in Figures 1  and 2 , with separate panels for each of the three exposure windows. For the body mass Z-score outcomes (Figure 1) , exposure during the o6-month window was consistently associated with elevations in Z-score body mass in post-exposure period, with increased body mass from age of 10 to 38 months (weight-for-length Z-scores at 10 and 20 months þ 0.106 increase in s.d. units, Po0.001 and þ 0.083 s.d. units, Po0.001, respectively; BMI Z-score at 38 months þ 0.067 s.d. units, P ¼ 0.009). In contrast, exposure during the 6-14 month window was not associated with elevations in Z-score body mass at any subsequent time point. The pattern of association for exposure 15-23 months was less clear. The lack of association with elevated body mass at 38 months did not support an association with exposure, but the sole elevation in BMI Z-score for exposed children (at 7 years; þ 0.049 s.d. units, P ¼ 0.050) was consistent with an association. Figure 2 shows associations with overweight and obesity at 38 months and 7 years, for exposures during each of the time windows. Adjusting for the potential confounders, antibiotic exposure at o6 months was associated with significantly elevated odds of overweight at 38 months (OR 1.22, P ¼ 0.029) and nearsignificantly elevated odds of obesity at 38 months (OR 1.23, P ¼ 0.097), but not at 7 years. Neither exposure at 6-14 months nor exposure at 15-23 months had a significant association with overweight or obesity at 38 months or 7 years. c Level defined using the UK Office of Qualifications and Examinations Regulation (see text). *Po0.05 **Po0.01 for chi-square test of association between this characteristic and exposure status.
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Interaction with maternal weight When interactions with maternal weight were examined in stratified analysis, we found evidence of greater effects of exposure among normal-weight mothers than among mothers who were obese or overweight (data not shown). At 38 months, o6-month exposure was associated with a 29.4% increase in overweight among normal-weight mothers (P ¼ 0.032), with no increase among overweight and obese mothers (OR 1.07, P ¼ 0.752). However, in contrast to the previous report, 33 we did not find a significant association of exposure at o6 months with child overweight or obesity at 7 years, even in the sub-sample of children of normal-weight mothers.
Tests for spurious association Neither exposure to antipyretics nor to eye ointment showed patterns of association with increased body mass, in any of the three time windows.
DISCUSSION
This longitudinal study found that early-life antibiotic exposure was associated with subsequent increases in body mass. Of the three time windows analyzed, only exposure during the period before 6 months of age was consistently associated with increases in body mass. At 38 months, children who had been exposed to antibiotics during this earliest period had significantly higher standardized BMI scores, and were 22% more likely to be overweight than children who had not been exposed. In contrast, exposures after 6 months were not consistently associated with body mass increases. Those in the 6-to 14-month period showed no association, while those in the period 15-23 months were significantly associated only with elevated standardized BMI score at 7 years, but not with consistently elevated scores in the interim.
Our finding of an association of antibiotic exposure at o6 months with later-life body mass is consistent with a prior report. It adds important evidence that exposure timing matters. We also add a test of spuriousness, with the finding that exposure to non-antibiotic medications during the same early windows is not associated with elevations in body mass. This makes it less plausible that exposure to antibiotics reflects a greater receptivity to medications, which is also correlated with increases in body mass. Unlike the previous study, however, we did not find an association with antibiotic exposure at o6 months persisting to 7 years of age. Perhaps this reflects differences in the antibiotics used in the two samples, or different doses. Given that intravenous antibiotics are used in these first 6 months of life (often for neonatal sepsis), antibiotic type (that is, Gram-positive or Gram-negative/anaerobic coverage) and route of administration (intravenous or orally administered antibiotics) might have differential effects on gut microbiota composition and development. This is consistent with a recent analysis finding associations of intravenous vancomycin, but not amoxicillin, treatment in adults with the development of obesity. 50 Alternatively, our failure to find a significant association may simply reflect our somewhat smaller sample size.
That early-life antibiotic exposure can lead to increased body mass is consistent with a evidence on the farm of antibioticinduced weight gain, 10, 25, 26 and with more recent studies in laboratory animals elucidating a link between early antibiotic exposure and changed development in controlled environments. 51 Many of these studies also find that the earliest months of life are periods of unique vulnerability to antibiotic disruption.
There are important limitations to our work. The relationship between antibiotic exposure and body mass is potentially confounded by multiple social, behavioral and biological factors. For example, BMI in infancy and childhood is associated with biological factors, such as parental BMI and maternal smoking in utero, social class and education; feeding (breastfeeding, later family food environment) and childhood 'lifestyle', 42 including prevalence of sedentary behavior and regularity of sleep patterns. Early-life antibiotic use also is potentially correlated to each of these, as parental receptivity to antibiotics varies by social class and ethnicity, 52, 53 and children in larger families or those who attend daycare also have greater exposure to contagious diseases. Fortunately, the ALSPAC data are rich, and we were able to control for many confounders in multivariable analyses. We found remarkably weak associations between antibiotic exposure and the potential confounders that we examined. However, there may be other variables which, if included, would have attenuated the Figure 1 . Multivariable associations of o6 months (a), 6-14 months (b) and 15-23 months (c) antibiotic exposure and body mass outcomes (WHO weight-for-length Z-score o2 years; BMI Z-score X2 years). Exposure window shaded for contemporaneous comparison of children who were exposed and not exposed to antibiotics, adjusting for birth weight and other factors associated with antibiotic exposures. 95% confidence intervals represented in lines, and point estimate represented as bullet.
reported association. Exposure was measured by parental recall for events over a 3-to 9-month period. Although such memories may be imprecise, there is no a priori reason why exposure recall bias would be associated with child body mass.
No method to assess adiposity (BMI, ponderal index, weight-forheight or the Quetelet index) is uniquely suited to represent adiposity and risk for subsequent cardiovascular disease, 54 and we accept that ponderal index and BMI Z-scores as outcomes of adiposity may be more clinically meaningful insofar (as Howe et al. 55 have suggested) they represent greater fat mass and cardiovascular risk later in life. Dual-energy X-ray absorptiometry data, which better represent fat mass deposition, 56 are later data points available for further study of the ALSPAC data. 57 Also limiting generalizability is that we only examined effects among children born at X2500 g. Even so, our sample of infants with normal birth weight likely included children who had substantial illness and were treated with antibiotics. To the extent that children with such illnesses are likely to be thinner, the magnitude of the association between exposure and body mass we identified may underestimate effects that occur in healthy children. Given that high birth weight is also a possible risk factor for obesity in later life, our effect size may have been diminished by inclusion of a high-risk subpopulation who is more likely to develop obesity for other reasons. 58 Future work can examine exclusion of this subpopulation. Finally, the ALSPAC sample dates from the early 1990s in the United Kingdom, when antibiotic exposure was probably less frequent than that found today, given the average increase in use of 4.3% annually since 2000 in the United Kingdom. 59 The effects of today's more frequent antibiotic exposure in early life may therefore be greater, and transgenerational impacts of continued antibiotic use could compound effects. 13, 14 The effect sizes that we report are modest. Translated into weight increments for the average 38-month-old, a þ 0.067 s.d. unit increase in BMI Z-score corresponds to a þ 90 g increase in weight. Although such increases are likely to have small impacts on individuals, they may be important for population health: assuming a normal distribution, shifts of 0.067 s.d. units in BMI Z-score (the change noted at 38 months in our final model) would increase overweight by 1.62% and obesity by 0.72%, in the population. As obesity is multifactorial and early exposure to antibiotics is common, such increases in overweight and obesity due to small shifts in means may be potentially important. 60 
CONCLUSION
This study reinforces concerns that early-life antibiotic exposure may cause increases in body mass in later life. It also points to the period from birth to 6 months as a window of special vulnerability to exposure. Further study is needed to disaggregate the effect of early exposures to antibiotics from those occurring in the prenatal and perinatal periods, and to quantify the life-course implications for body mass and cardiovascular risks, at the population level. Figure 2 . Adjusted odds ratios of o6 months (a), 6-14 months (b) and 15-23 months (c) antibiotic exposure for overweight and obesity at 38 months and 7 years. 95% confidence intervals represented in lines, and point estimate represented as bullet. All multivariable models included birth weight, maternal parity, race, social class, education, parental BMI (categorized as mother prepregnancy overweight/obese, father overweight/obese and both overweight/obese), first trimester smoking, breastfeeding (categorized as never/breastfed cessation before 6 months/continuous breastfeeding through 6 months), timing of introduction of complementary foods, time spent per day watching television, in car on weekdays, in car on weekends, dietary pattern classifications at 38 months and duration of nighttime sleep at 7 years.
